Neurofibromatosis type 1 (NF-1) is a common genetic disorder with a highly variable phenotype. The disease affects both proliferation and differentiation of cells of neurectodermal origin. The presence of tumors is very common like benign nodular neurofibromas. Tumors with unclear prognosis may be present like plexiform neurofibromas whose prognosis is more uncertain. While many organs exhibit pathologies, most commonly affected are the nervous system, skin, gastrointestinal tract and heart. Oral abnormalities are also very common: 72% of NF-1 patients exhibit pathologies in oral mucosa, gums, maxillary and temporomandibular joints, and teeth. The incidence of NF-1 and its relationship to the prevalence of caries have been discussed in other researches. It is known that poor oral hygiene plays a key role in the development of periodontal disease and caries. Here we review the oral manifestations of neurofibromatosis type 1 that we illustrate by a patient followed in the center of rare diseases of the hospital Henri Mondor, clinical service in which we work.
Introduction
Neurofibromatosis (NF) is a genetic disorder that disrupts the nervous system. It affects preferentially tissues derived from the neural crest [1] . In 1982, Riccardi proposed a classification system for seven different types of NF and an additional grouping of non-classifiable NF [1] . Among these classes, two have been the most well-established: neurofibromatosis type 1 (NF-1, OMIM #162200), also called Recklinghausen disease, and neurofibromatosis type 2 (NF-2, OMIM #101000), which affect the central nervous system. The more common of the two, NF-1, was first described by Friedrich Daniel Recklinghausen in 1882. NF-1 is an autosomal dominant genetic disorder that affects 1 birth in 3000; regardless of gender or race [2] [3] , it is caused by mutation of the NF1 gene. In 50% of cases the disease is caused by spontaneous mutation with no family history of NF [4] .
NF1 is a tumor-suppressor gene located on the long arm of chromosome 17, in the pericentromeric region at position 11.2 (17q11.2). The gene extends over about 350 kilobases with 57 constitutive exons and 3 alternative exons. Here we describe the structure of the gene involved in the pathology. The NF1 gene can be mutated in several ways either as a deletion, insertion, nonsense or missense mutation [5] [6] . The different mutations result in different clinical situations [7] . The gene product is Neurofibromin which is a 220 kDa cytoplasmic protein of 2818 amino acids belonging to the GTPase Activating Protein (GAP) family protein. Indeed, there is a 360 amino acids domain corresponding to a GAP related domain (GRD). The protein produced by the abnormal NF1 gene of neurofibromatosis is therefore neurofibromin. Neurofibromin is produced by many cell types, particularly by neurons and neuroglia (oligodendrocytes and Schwann cells) and epidermal cells (keratinocytes and melanocytes) [8] [9] . It inhibits the ras signal transduction pathway via negative regulation of a ras GTPase and thus controls cell growth [10] [11] . Neurofibromin signaling induces the transformation of the active form, p21ras-GTP, to the inactive form, p21ras-GDP. The tumor-suppressing function of neurofibromin is achieved via this regulation of active and inactive forms of p21ras. Thus, mutations in NF1 inhibit its tumor-suppressing function and lead to tumor formation. These tumors are characteristic of NF1. However, in some cases of NF-1 patients, no mutations were detected. There may be a disorder in the RNA maturation in the splicing. The pathology of NF-1 is different depending on NF1 mRNA editing [12] . Four different isoforms of NF1 gene have been described; the two most well-known are isoform 1 (GRD1) and isoform 2 (GRD2). Their mRNAs differ by the alternate splicing of a single exon of 63 bp [13] : GRD2 has 21 additional amino-acids in the GRD domain comparatively with GRD1. These two isoforms have a significantly similar distribution throughout tissues. Isoform 3, which differs from the isoform 1 by the presence of 18 additional amino acids in the C-Terminal, is present almost exclusively in cardiac, smooth and skeletal muscle tissue [14] .
Isoform 4 contains 10 more amino acids than isoform 1 and is mainly located in the central nervous system [14] . It has been demonstrated that a change from isoform 1 to isoform 2 expression may be involved in neurectodermal differentiation. The presence of the additional 21 amino acids changes the hydrophobicity and secondary structure of the GRD region [15] . Therefore, alternative splic-
ing disorders may be related to tumor formation. The 4 isoforms of the NF1 gene are therefore the target of numerous genetic anomalies and the highly variable clinical feature may also be due to aberration affecting the NF1 mRNA mature editing process [16] .
Diagnosis
Neurofibromatosis type 1 is diagnosed based on clinical criteria established by the National Institute of Health (NIH) Consensus Development Conference in 1987 (Table 1 ) [17] and updated in 1997 [18] . In addition, members of the United Kingdom Neurofibromatosis Association Clinical Advisory Board collaborated to produce a consensus statement on the current guidelines for the diagnosis and management of NF-1 [19] . Genetic testing is inconsistent. The phenotype/genotype correlation is difficult to establish, but patients with a microdeletion affecting the entire NF1 gene have a severe phenotype with recognizable clinical criteria [20] . This subpopulation develops neurofibromas at an earlier age, have more craniofacial deformities sometimes accompanied with a decreased IQ, and develop malignant nerve-sheat tumors [21] [22] [23] . For other NF-1 patients, the signs may be less profound, but enough to diagnose the disease (Table 1 ). In addition, neurofibromatosis is a neurocristopathy: Neural crest cells and the tissues that arise from them exhibit defects in development [24] . Since the oral cavity is derived from the neural crest [25] , patients with neurofibromatosis type 1 typically exhibit oral disease. In fact, Shapiro et al.
found that 72% of NF-1 patients exhibited oral deformities (n = 22) [26] .
The objective of this review is to analyze the literature regarding oral manifestations in neurofibromatosis type 1, specifically oral epidermis and mucosa involvement, periodontal pathology, maxillary bone and joint lesions, dental disease and deformities, and salivation flow defects. These oral clinical [17] and updated in 1997 [18] .
Two or more of the following clinical features are sufficient to establish a diagnosis of neurofibromatosis type 1:
• Six or more café-au-lait macules >5 mm diameter at the largest diameter children >15 mm diameter in post-pubescent individuals
• Axillary freckling or freckling in inguinal regions
• Two or more neurofibromas of any type or one or more plexiform neurofibromas
• Two or more Lisch nodules
• Bone lesion with sphenoid bone dysplasia or thickening of the cortex of the long bones with or without pseudoarthrosis
• An optic pathway glioma
• A first-degree relative with neurofibromatosis type 1 diagnosed by the above criteria J. Cosmetics, Dermatological Sciences and Applications signs are either specific to the pathology (café-au-lait-macules and neurofibromas)
or they are at the origin of nonspecific but consecutive pathologies of the disease (periodontitis, dental caries, dental inclusions, variation of the salivary flow).
This is detailed in the chapters below.
Oro-Facial Dermal Involvement
Café-au-lait macules are well-defined skin pigmentations whose diameter is between 5 and 50 mm. In NF-1 patients, they can manifest in the facial area ( [28]. Indeed melanogenesis may be disrupted in NF-1 patients [29] . The cause is likely not linked to the Ras activity in melanocytes, but rather to fibroblasts activity. Here, fibroblasts are thought to overproduce Hepatocyte Growth Factor (HGF) and Stem Cell Factor (SCF), affecting epidermal melanocytes [29] . Both freckles and café-au-lait spots do not necessarily cause complications [19] . In of NF-1 patients, and in the oral cavity in 6.5% of patients [33] . Hyperpigmentation of the mucous membranes and neurofibromas are often associated with pathologies of the oral mucosa.
Oral Mucosal Pathology
NF-1 oral mucosal pathology is defined by the presence of soft tissue tumor ( Figure 2 and Figure 3 ). In the oral cavity, nodular neurofibromas of the tongue are most common [34] . There, they lead to macroglossia and enlargement of the fungiform papillae [26] [35] [36] . These benign tumors may also be located on the palate [37] , lips [38] and floor of the mouth [38] . Plexiform neurofibromas, which can be considered a diagnostic criterion for NF-1, are rarely located in the oral cavity [30] . They are tumors that extend along the nerves and may encompass multiple nerve branches. They can be superficial or deep and are a major complication of NF-1 due to the deformities and disability they cause. Plexiform neurofibromas may develop into a malignant peripheral nerve sheat tumor which is a highly fatal metastatic cancer. The risk of malignant transformation is estimated between 8% and 13% [39] . In the mouth, fast growth of the tumor may lead to dysphagia and respiratory distress [40] . The treatment is surgery with a possibility of recurrence after the resection. There are a variety of biomarkers for the diagnosis of these oral soft tissue tumors. S-100 expression indicates Schwann cells [41] , and Collagen IV and CD34 positive cells [37] aid the diagnosis. Tuj-1 indicates neuronal involvement [37] . Another biomarker is Glut-1 which marks perineurial cells [42] . Apart from the proliferative anomalies of nervous tissues, other cells can be affected by this unregulated proliferation: that are gingival fibroblasts. Like Schwann cells and melanocytes, gingival Figure 2 . Damage to the maxillary area in a 23-year-old female with NF-1. The oral mucosa is prone to neurofibroma development. The development of a neurofibroma, which extends from the left vestibular maxilla mucosa through the vestibular and palatine gingiva to the palate fibromucosa ((a), (b)) in this young woman with NF1, can be linked to dental inclusions visible in X-rays (c). The bone deformation (d) is also related to this neurofibroma. The neurofibroma characteristic of the pathology is also present in the oral cavity leading to deformations of the maxillary, dental inclusions, articular and salivary pathologies.
fibroblasts derive from neural crest and may be affected by NF-1. Pathologies of the oral mucosa are frequently associated with periodontal disease.
Periodontal Diseases
Gingival thickening is widely described in patients with NF-1. The amount of gingival fibroblasts increases, along with the extracellular matrix quantity [43] .
The attached gingiva is overgrown and sometimes extends to the interproximal gingiva [44] . But, this gingival swelling shows no signs of inflammation [43] .
Some studies described the presence of neurofibromas in gum as 5% prevalence in NF-1 patients [26] . ). This neurofibroma covers three molars which have undergone development issues during their maturation, as seen in the X-ray (c). Bone deformation is weakly perceived (d). As with the maxillary, the neurofibroma causes bone deformities and dental inclusions to the mandible.
pigmented macules, though it is uncommon. These appear at any age without association to race or gender [47] . These pigmentations can be a source of concern for NF-1 patients and can require an optional therapeutic treatment with a CO2 laser, for example [48] [49] . Radiographic analysis of the periodontium shows a high frequency of periapical cemental dysplasia in vital mandibular teeth of patients with NF-1 [50] . The presence of cemental dysplasia is related to gender and only concern female NF-1 patients [50] . Periodontal disease such as periodontitis may affect NF-1 patients. Periodontal attachment loss is associated with high plaque index. It is probably due to poor oral hygiene consecutive with brushing difficulties [51] . The difficulties of removing dental plaque may be due to the teeth malposition caused by jaw malformation.
Jaws Lesions and Joint Diseases
Bone lesions are also a part of the diagnostic criteria [18] [52]. However, not all NF-1 patients may develop these defects. They are more likely to develop bone manifestations than others, particularly in the facial skeleton. All of the facial J. Cosmetics, Dermatological Sciences and Applications skeleton can be affected, including the maxilla (Figure 2 ), mandible (Figure 3) , and temporomandibular joints [53] . Jaw malformation was characterized by radiology in 28% of NF-1 patients [54] . For the mandible, the possible abnormalities include enlarged mandibular foramina [26] [54], hypoplasia of the condyle [55] , elongated coronoid process, and notching in the posterior border of the ramus of mandible [56] . As for the maxilla, the zygomatic bone is hypoplasic [55] . The orbital bones may also be affected by dysplasia that often leads to a disfigurement and a narrowed maxillary sinus [57] . There is probably a common pathogenic mechanism responsible for the appearance of bone abnormalities [58] . The NF-1 gene deficiency causes increased osteoclast activity which partly explains the bone lesions [59] . In addition to the genetic etiology, local factors, due to the presence of tumors, explain bone malformations [60] . The presence of plexiform neurofibromas in the trigeminal nerve could lead to jaw malformation [60] . Friedrich et al. lead an investigation by dental panoramic X-ray on forty-eight NF patients. Twenty-nine had jaw malformation. Twenty-four among these twenty nine NF patients had plexiform neurofibromas on the same side of the malformation [60] . As for the temporo-mandibular joints, they are rarely affected by deformities [53] . But the presence of neurofibromas in the location would cause a deformation. A case of neurofibromas in the articular disc of the temporomandibular joint has been reported as causing facial asymmetry and pain [61] . In view of these bone deformations, the teeth, which are formed inside the jaws, can also be affected during their development. Thus dental abnormalities and caries are described by many authors.
Dental Abnormalities and Caries
Many studies described abnormalities in the number of teeth (agenesis, supernumerary teeth), displaced teeth and impacted teeth [54] [60] (Figure 4 ). This may be explained by jaw alteration, which can be related to neurofibromas (Figure 2 and Figure 3) . Indeed, impacted teeth be present in the tumorous side. Facial plexiform neurofibromas may be associated with maxilla and mandible bone alteration, causing severe disfigurement [57] . The presence of plexiform neurofibromas in the oral cavity of NF-1 patients may have an impact on the size of the tooth crown [62] . It has been described that plexiform neurofibromas Figure 4 . Dental X-ray panoramic of a 23-year-old female with NF-1. Multiple dental inclusion is highlighted. For this patient the dental inclusions are mainly at the level of mandibular and maxillary molars.
may be associated with aplasia of the mandibular second molar, which increases teeth and jaw asymmetries in NF-1 patients [60] [62] . Also, rotated teeth were found more in NF patients than the control population. As for tooth displacement, NF patients were more affected. It was particularly maxilla lateral teeth, which were displaced into the palate side (Figure 2 ). The absence of second molars of patients with plexiform neurofibromas causes asymmetries that can affect the temporomandibular joint [62] . For the orthodontic abnormalities, only Class III molar occurrence is higher [34] . For children, development of primary teeth can be earlier in NF-1 patients [63] . But, another study of 34 Finnish children aged 8 to 17 years with NF-1 showed that dental development timing is not really affected by the disease [64] . As for the dental anomalies like taurodontism or enamel hypoplasia, they are noticed in NF-1 children but the prevalence of these dental anomalies is not significantly different compared to the control population [34] . So, enamel and dentin would not be affected by the disease. As for dental pulp, there is perineural fibrous thickening in NF-1 patient [65] . Also, the dental pulp stem cells of NF-1 patients have a proliferation more pronounced than the control [66] .
The association between the prevalence of dental caries and neurofibromatosis type 1 is not obvious. For example, the literature shows that the incidence of dental caries is linked to brushing difficulties and poor hygiene of patients. But, dental hygiene awareness programs, implemented in different countries where the studies are carried out, are involved in the results. A Canadian retrospective study of 191 families, in which one member has NF-1, shows that the prevalence of caries was higher in patients with the disease compared to non-affected family [67] . Another Canadian study comparing children with and without NF-1 shows no significant difference in the incidence of dental caries [68] . In contrast, a Finnish study shows that for a population of NF-1 patients less than 35 years, the incidence of caries is less than the control population [69] . Displaced teeth that cause tooth brushing difficulties also promote the development of caries.
In conclusion, for dental abnormalities and caries, the prevalence of dental caries is associated with the malposition of some teeth due to the malformation of jaws often related to neurofibromas and may explain the difficulties in maintaining dental hygiene. Moreover, saliva that plays a role in the maintenance of oral homeostasis may be affected by the disease. Dental and periodontal diseases can be explained by a change in saliva,
Salivary Flow
The salivary gland, particularly the major glands, may be affected by the NF-1 pathology. Neurofibromas can develop in these glands. The most affected is the parotid [34] . It can affect adult [70] or child [71] . Plexiform neurofibromas can appear in the sublingual gland [72] . There, it is described as a kind of second tongue. The localization of the mass is not favorable because it may provoke a respiratory distress. The presence of plexiform neurofibromas is also described in the submandibular gland [73] [74] [75] . This gland is rarely affected by such a lesion. The salivary flow was compared between NF patients and controls. Hyposalivation affected 59% of NF-1 patient. It is described as 4-fold higher than in the control group [76] . Saliva is a biological fluid possessing antibacterial capacity and buffer systems allowing the maintenance of a neutral pH. So, the decrease of salivary flow would increase risk of carie development and periodontal disease such as periodontitis.
Conclusion
Oral manifestations of NF-1 patients are common due to the presence of neurofibromas in the oral cavity. These may cause bone deformities as well as macroglossia with functional and aesthetic impacts. During routine examination of NF-1 patients' oral cavity, it is important to look for neurofibromas and to make excisions when it is possible, or to monitor it to prevent a malignant degeneration. The overgrowth of neurofibromas could lead to respiratory distress in this region of the body. Moreover, in NF-1 patients, dental alignment is often disturbed by bone deformities, making oral hygiene more difficult. This is compounded by a possible hyposalivation, which accentuates the risk of developing caries and periodontal disease. The complexity of this disease, its phenotypic variation and its slow evolution make oral cavity studies difficult. But features of NF-1 summarized in this review could help prevent dental, periodontal and mucosal complications for these patients.
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